Stress relaxation and viscous flow of GexSe1-x and TAS chalcogenide glasses were studied using the "bending method". Inadequacy of common models or functions to describe relaxation process of inorganic glasses were proved and the origin of an unexpected relaxation behaviour is discussed. Even if most part of the stress relaxes for short period (10 to 20 days), a significant part still remains (from 5 to 33%) after over one year. A linear viscoelastic behaviour has been demonstrated in the sense of an independence of the relaxation function to the stress level. However, the apparent viscosity seems to increase of almost one order of magnitude in only one month (from 5 10 15 to 3 10 16 Pa·s for TAS fibers) independently of strain or stress level, that is characteristic of glass structural changes.
Introduction
Chalcogenide glasses have received particular attention because of their transmission in the middle-infrared. Due to this ability, they have been used in infrared cameras optics and optical fiber in order to carry signals emitted by thermal sources or by a laser source such as CO2 laser. 1) Chalcogenide glasses, in particular TAS glass (ternary system Te2As3Se5), are used in evanescent wave spectroscopy of biomolecules in human lung cells, 2),3) IR signatures being recorded in order to mesure the impact of toxic agents on cell health for example. But most of chalcogenide glasses such as GexSe1-x or Te-As-Se exhibit poor mechanical properties. 4) Moreover, due to their low glass transition temperature (Tg), they behave viscoelastically at room temperature. 5 ), 6) A previous indentation study 6) has shown that GexSe1-x glasses exhibit shear thinning and non-Newtonian flow under high stresses. In this study, a "bending method" is used to investigate relaxation-recovery and viscous flow of chalcogenide fibers under "low" stresses.
Theoretical background and experimental procedure 2.1 Theoretical background
Stress-relaxation test consists in imposing a constant strain (ε 0) and monitoring the evolution of stress as a function of time t (σ (t)). This evolution is characteristic of the viscoelastic behaviour of the material, and the time-dependent ratio between σ(t) and ε 0 (σ (t)/ε 0) is called "relaxation modulus", G(t). Theoretically, if a strain is instantly imposed, the relaxation modulus at t = 0 is equal to the elastic modulus G(0) = G0. So, one can write: (1) where ϕ (t) is a dimensionless function called "relaxation function". 7) Similarly, creep test consists in imposing a constant stress (σ 0) and monitoring the evolution of strain (ε(t)). From the ratio ε(t)/σ 0, the "creep modulus" J(t) can be calculated and a dimensionless function, called "creep function" φ(t) is defined by: (2) Product of Laplace-Carson transforms of relaxation and creep functions is equal to 1, so such kind of relation 7) can be deduced:
Using these two functions, the relation between stress and strain for any mechanical load can be defined by:
The viscoelastic behaviour of inorganic glasses can be modelled by rheological elements, for example the Burger's viscoelastic model, made up of a combination of Maxwell and Kelvin cells, is also able to give a good description of relaxation phenomenon in glasses, 8) explicitly separating elastic, anelastic and viscous components of the viscoelastic flow. (5) where α and β are parameters depending on all Burger's vis- † Corresponding author: Y. Gueguen; E-mail: yann.gueguen@ univrennes1.fr 
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coelastic model elements, 5) the Kelvin cell being defined by Ed and η d parameters, and the Maxwell one by E and η.
The Kohlraush-Williams-Watts function (KWW) 9) is a nonlinear stretched exponential function able to fit many physical relaxation phenomenon and has been used by many authors to describe stress-relaxation in glasses 7),10) even if the physical meaning and the suitability of the stretched exponent is still an open scientific issue.
11),12) It is expressed as: (7) where τ is the KWW relaxation time and b the streched exponent. Some kind of mechanical tests can allow to obtain informations on both relaxation and creep functions, such as "relaxationrecovery test".
5) It consists in imposing a constant strain during a period T and a zero stress for t ≥ T. Using analogy between the linear elasticity and the linear viscoelasticity via Laplace-Carson transforms, this test can be described as an imposed stress test as:
where H(t) is the Heaviside function. Evolution of strain can be calculated for t ≥ T thanks to Eq. (4) as creep function can be deduced from the relaxation function using Eq. (3). φ(t) can be decomposed in an elastic (φe(t)), an anelastic (φa(t)) and a viscous (φ η(t)) parts. 7) The anelastic (i.e delayed elastic) strain (ε a(t)) can be obtained by substituing φ(t) by φa(t) in Eq. (4). For Burger's model, the evolution of the anelastic strain for t ≥ T can be easily calculated if the Kelvin cell is isolated:
where C is the value of the anelastic strain due to the relaxation process. So, the kinetic of the recovery process is not dependent on the relaxation duration for such a model. Other models, using more parameters like generalized Maxwell model with more than 2 cells can take into account the dependence of the anelastic strain recovery to the relaxation duration. 13) In the same way, the viscous strain can be deduced from the following relationship, assuming φη(t) = t/η, where η is the viscosity:
A characteristic time parameter "τc " can be defined as the ratio η/G(0). Using Eq. (3), τc is also equal to:
And so, during relaxation test:
All these models or functions imply that the stress tends to 0 when during relaxation test, and to the best of our knowledge, that is what is observed for inorganic glasses near their glass transition temperature. Only crosslinked polymers 13)-16) or crystalline solids 17) show a stress-relaxation function that doesn't tend to zero but to an equilibrium value when , which is an "equilibrium modulus" considering G(t) or an equilibrium stress considering G(t)/ε0. It has been established that the equilibrium modulus depends on the crosslinking density of the polymer, as is given as an evidence for chain mobility reduction. In order to describe such a relaxation, the KWW function can be modified by introducing the equilibrium modulus term: 17)-19) (13) where w is the weighting factor due to the non relaxing stress (G(t)/G(0)). Using Eq. (3), the expression of relaxation function leads to a creep function having an asymptotic value when . It means that for materials modelled by the function including equilibrium stress no viscous strain could occur, 20) as suggest by Eq. (12).
Experimental procedure
Glasses were synthesized and fibers drawn in the Glasses and Ceramics group of the Chemical Sciences Laboratory (UMR-CNRS 6226) of Rennes. Fibers of 400 μm diameter were cut in 150 mm long samples for this study. Three compositions of GexSe1-x have been synthesized: GeSe9 (x = 0.1), Ge3Se17 (x = 0.15) and GeSe4 (x = 0.2), a composition of TAS 5) is studied too. Glass transition temperatures (Tg) have been measured by Differential Scanning Calorimetry (DSC) on bulk glasses using a heating rate of 10 K/min. 21) The elastic properties of GexSe1-x glasses were measured on bulk glasses by ultrasonic echography 21) and listed along with Tg in Table 1 . If the physical properties of fibers may differ from the ones of bulk glasses, 22) ,23) instrumented microindentation tests were conducted and no difference has been found on the elastic properties. Therefore, if stressrelaxation phenomenon are expressed in terms of a dimensionless relaxation function (ϕ (t)) rather than by using the relaxation modulus (G(t)), elastic modulus values have no importance (Eq. (1)).
The stress relaxation tests are performed by using the bending method (see 5, 10, 24, 25, 26, 27) for examples). The strain is calculated by measuring the curvature radius of a fiber that is unrolled after having relaxed on a mandrel from t = 0 to t = tR, assuming that the mechanical history starts when fibers are rolled. When fibers are rolled they experience an imposed strain given by:
where r is the distance from fiber neutral axis, R0 the mandrel radius and rf the fiber radius. To impose different strains, three mandrels are chosen with diameters: 87 mm ("SD"), 100 mm ("MD") and 124,5 mm ("LD"). The choice of the smaller diameter is limited by the possible failure of fibers due to a high stress. As r << R0, strain can be approximated by: (15) At the beginning (tR = 0), strain can be considered as purely elas- 
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tic, and then initial stress can be written, according to Hooke's law, as: (16) where E is the Young's modulus. The maximum tensile strain in the bent fiber is located on the most distant line of mandrel and is given by: (17) When 0 ≤ t ≤ tR, the imposed strain can be divided into three components: an elastic (εe), a delayed elastic (or "anelastic", εa), and a viscous component (εη). Assuming the small strains framework, ε0max = εe(t) + εa(t) + εη(t) (18) As stress-relaxation occurs (0 ≤ t ≤ tR), "εe(t)" decreases and "εa(t) + εη(t)" increases. When the fiber is unrolled, the curvature radius R(t) is linked to the non-elastic strain components by: (19) According to Hooke's law, the stress (assumed to be fully elastic, which is not the case by employing a Kelvin-Voigt model for instance) is related to the elastic strain component, which is recovered instantaneously, by: (20) At time t = tR, the fiber is unrolled, and the curvature radius is not constant and will increase. At a time t > tR, the sum of the viscous and anelastic strains can be always calculated during the recovery process as rf/R(t). When the fiber is unrolled, no stress is imposed, and one assumes that the viscous strain remains unchanged, so that εη (t = tR) = εη (t > tR). When , the anelastic strain will have totally recovered therefore the total strain will be purely viscous. (21) As the fully recovered state is never reached in experiments, the viscous strain is deduced from the asymptotic value of a fitting function of the radius evolution for experimentally observed times. A stretched exponential function is used for its suitabilty, and parameters are calculated using a Newton-Raphson scheme in a custom-made program. The viscous strain during relaxation can therefore be evaluated. As non-linear viscoelastic behaviour has been observed by using microindentation tests on GexSe1-x, 6) imposing different strains should, or not, confirm this nonlinearity. GeSe9 and Ge3Se17 fibers were rolled on SD and MD mandrels while GeSe4 fibers were rolled on SD, MD and LD mandrels. Laboratory conditions were employed: room temperature: 293 ± 0.5 K, relative humidity: 60 ± 3%, neon light (Mazdafluor Prestiflux Brillant 840) switched off during night. Radii were measured by image processing from fiber put on a white plane. A home made program allowed to separate fiber contours from shadows so that, no intense light was needed for image processing and fibers were preserved from any warming. The curvature radius of the neutral axis of the fibers is measured.
A statistical analysis based on 2000 measures allowed to define the standard error on the radius measurement "ΔR":
The relaxation function error bars were calculated according to ΔR.
Results and discussion

Results
In a precedent study, 5) 
model can not model relaxation at both short and long periods. Indeed, the relaxation of TAS and GexSe1-x glasses is characterized by an important and fast decrease of stress at short time whereas a near constant stress is observed after a long period. The generalized Maxwell model using sufficiently spread relaxation times is able to describe such relaxation kinetic, but too many cells are needed here. So in order to limit fitting parameters, streched exponential KWW functions have been used here. The fitting parameters are listed in Table 2 . No evidence of the stress dependence of the relaxation function can be shown whatever the composition is, and the kinetic of the relaxation doesn't depend on the imposed strain (Fig. 1) . Fig. 1 . Relaxation functions of GexSe1-x and TAS glasses. Since the TAS and the GeSe4 glasses curves coincide, the TAS plot has been shifted upwards by 0.15 on the ϕ(t) axis to make them distinguishable.
Usually, the KWW parameters b and τ are calculated by fitting experimental data plotted as Ln(-Ln(ϕ (t))) versus Ln(t) by a straight line defined by b Ln(t) -b Ln(τ )
Fits are done using Eq. 27. ◇ corresponds to SD mandrel, □ to MD and △ to LD. * corresponds to TAS glass.
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gram because the plotted experimental data don't follow a straight line (Fig. 2) . It should be noted that if the relaxation function takes the form of Eq. (13), experimental data follow a straight line only if data are plotted as follow:
where w is usually the normalised equilibrium modulus (G( )/G(0)). Inadequacy of such a relaxation function will be discussed in the next section.
As mentionned in section 2.2, the viscous strain is calculated by fitting the strain recovery curves. In order to eliminate the influence of stress on the viscous strain, the experimental curve are normalized by the imposed strain and plotted in Fig. 3 .
Normalized viscous strain should have the form of (Eq. (12)) and then be independent of the imposed strain if linear viscoelastic behaviour is observed. That is what has been observed here, which confirms that the evolution of the viscous strain as much as the stress during relaxation for GexSe1-x chalcogenide glasses exhibit a linear viscoelastic behaviour in the range of the stresses observed here, from zero to 77 MPa, what is almost maximal tensile stress for TAS fibers.
4)
Discussion
The relaxation kinetic is sufficiently slow at long periods to suggest the existence of an equilibrium modulus, which is common for "viscoelastic solids" but not for inorganic glasses. However, it is uncommon to practice relaxation tests at temperature so far below Tg involving slow process and so very long test duration as compared to characteristic time of possible structural changes. Viscoelastic fluids such as inorganic glasses, contrary to viscoelastic solids such as crosslinked polymer, flow with no limit of strain under a non-zero deviatoric stress. Crosslinked polymers have a strain limit during flow, or an equilibrium stress during relaxation, because strain flow is due to polymeric chains re-orientations under stress, which is limited because crosslinks are limiting chains to slip passed one another. 20) However, chalcogenide glasses show many common features with polymeric molecular organization. McEnroe and LaCourse 28) underline that Se glass "might be expected to exhibit properties closer to those of organic polymers than oxide glasses." Moreover, a-Se has received a large interest in polymer science, constituing one of the "simplest polymers possible" 14) and many authors underline a-Se polymeric-like molecular structure (see 29) for example). A NMR and mass spectroscopy study 30) has shown that the structure of GexSe1-x is based on glassy GeSe2 domains in a matrix of selenium chains and rings, but has also excluded a total phase separation. Chains and rings could be connected to some Se of glassy domains thanks to an increase of the coordination number of some rare Se atoms. So, GexSe1-x are crosslinked materials with a crosslinking density growing with germanium proportion. TAS glasses have a similar structure, where Se and Te atoms form chains and rings crosslinked by As one. Moreover, the apparent equilibrium modulus increases here with the germanium content, so with the crosslinking degree, what is conformed to polymer behaviour. The existence of equilibrium stress could be justified by this crosslinked rubber-like structure.
However, Böhmer and Angell 14) explain that the viscoelastic behaviour of a-Se is presumably characteristic of a structure with rather short chains. And then, there is not true entanglement in a-Se and probably in GexSe1-x. So, the chalcogenide glasses shouldn't behave viscoelastically like crosslinked polymers.
Moreover, the observed viscous flow is in contradiction with a presumed equilibrium modulus, in addition viscous strain increase relatively rapidly during relaxation. As demonstrated by Eq. (12), the existance of an equilibrium modulus suppose that and, if no equilibrium modulus exists, that the smaller η is the faster relaxation function tends to zero. There is also a contradiction for chalcogenide glasses between a rapid increase of the viscous strain and an apparent non-zero long-time value of relaxation function. Assuming that the relaxation functions takes the form of Eq. (7) and using Eq. (12), one obtains: (24) where Γ(x) is the Gamma function of x and Γ(x, y) is the incomplete Gamma function . Theoretical evolutions of viscous strains are plotted in Fig. 3 with experimental ones. Böhmer and Angell 14) have suggested that a-Se glass exhibits two different relaxation characteristic times so that if the testing time is greater than the former but lower than the latter, the relaxation process is not complete and one can observe an equilibrium modulus. These two times are closely linked to the structure of a-Se. a-Se contains rings of eight Se atoms 14) , 28) which have distorsion under stress conducting to short-time relaxation (S), whereas long-time relaxation (L) is due to the crawling of polymeric versus Ln(t) for KWW fit. Example of GeSe4. Using such a function for GexSe1-x or TAS glasses leads to a longtime relaxation process characteristic time (τL) between over 2 years for GeSe9 and 10 years for GeSe4, then much more longer than experimental range to experience a good appreciation of the validity of the relaxation function described above (Eq. (25)). Moreover, Böhmer and Angell underline that the characteristic time obtained by creep data (see Eq. (11) and above) is closed to the time parameter defined by .
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Creep function seems to be only linked to the "short part" of relaxation function unlike what predicts the theory of linear viscoelasticity (illustrated by Eq. (11)). Suitability of such a function to describe the relaxation stays arguable here. Moreover, it isn't anomalous to observed changes in the slope of ϕ(t) plotted as Ln(-Ln(ϕ (t))) versus Ln(t) as it has been demonstrated 12) that only one exponent b is insufficient to describe all the relaxationprocess.
This slow relaxation kinetic for long time, and the rapid increase of the viscous strain can find an explanation in the "compaction effect". 22) Due to quenching and chilling of the glass during synthesis, physical properties may differ from the one of the fully relaxed glass, and that is particularly observed for fibers, which have ideal dimensions for severe chilling. This effect is called compaction because one of the most known effect is the change in density, but mechanical properties such as elastic modulus can differ too. Angell et al. 31) have already discussed the evolution of viscoelastic properties of a-Se glass, what is also called "physical ageing", from unrelaxed state of the glass to a fully relaxed state. This evolution can be characterized by the entropy released during ageing. 32) Angell and Böhmer have shown that for an a-Se rapidly cooled from a temperature above Tg (314 K) to 300.5 K, the viscoelastic properties reach an equilibrium after almost 22 h. Anderson et al. 23) have studied the structural relaxation of Ge5Se95 and As5Se95 glasses by measuring the stress-optic coefficient and the effect of compaction through evolution of the elastic properties. Authors explain that Ge atoms are under-coordinated in the initial unrelaxed state having a coordination of 2 or 3, and the sub-Tg structural relaxation allows Ge atoms to increase its coordination number to 4, as expected, this assumption being based on the ability of chalcogenide glasses to modify their atomic bonds. 33) We can therefore assume that at initial state, Ge atoms have a low coordination number, the structure has a low degree of crosslinking, which makes mobility of Se chains easier. It involves a relatively low viscosity and characteristic relaxation time. With time, Ge coordination increases and structure becomes more and more crosslinked, and then the η increases because of the reduction of chain crawling.
The estimation of η from the strain-recovery data is straigthforward by means of Eq. (10). The time dependence of the apparent viscosity is illustrated in Fig. 4 . η increases as a power law (η = mt n , where m and n depend on the glass composition). Replacing the relaxation function (ϕ (t)) by a KWW-type expression (Eq. (7)) in Eq. (11), further recalling that τc, the characteristic time of relaxation, is equal to η/G(0), gives: (26) As η is a function of time, we assume that τ is also, but not b for simplicity. So, the relaxation function is: (27) b is calculated by minimising the absolute gap between the KWW function and the experimental data using NewtonRaphson scheme, assuming for τ the values derived from actual η data (Fig. 4) and using Eq. (26) (G(0) is taken as a constant).
The values for b are listed in Table 3 . It should be noted that those values correspond to the initial slopes of experimental data plotted as Ln(-Ln(ϕ(t))) versus Ln(t).
Conclusion
GexSe1-x and TAS glasses exhibit an uncommon relaxation behaviour characterized by a fast decrease of stress for short time whereas a very slow relaxation process takes place for long period. This important change in stress decrease could be interpreted as an equilibrium stress. However, the existence of viscous flow suggests that chalcogenide glasses don't exhibit such a crosslinked-structure behaviour, typical of polymer materials, even if strong structural common points exist between chalcogenide glasses and polymers. Viscous flow occurs during relaxation characterized by a kinetic much faster than what can be expected according to the linear viscoelastic theory. This strong increase of viscous flow can be interpreted by a corresponding increase of viscosity during relaxation. The evolution of viscosity is probably due to the evolution of glass state from an unrelaxed state to a more relaxed one, involving structural Fig. 4 .
Evolution of the apparent viscosities during relaxation.
◇ corresponds to SD mandrel, □ to MD and △ to LD. * corresponds to TAS glass. Linses are power law curves. changes. This unrelaxed state is due to severe chilling, that results in an excess of entropy. Relaxation-recovery tests and the analyse of viscous flow reveal that GexSe1-x and TAS glasses exhibit linear viscoelastic behaviour as no influence of stress can be measured in the range of imposed stress in this study, which is not contradictory with a previous study 6) where representative stress of the GPa order was used.
